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Abstract: Lesions to the CNS/PNS interface are especially severe, leading to elevated neuronal
degeneration. In the present work, we establish the ventral root crush model for mice, and demonstrate
the potential of such an approach, by analyzing injury evoked motoneuron loss, changes of synaptic
coverage and concomitant glial responses in β2-microglobulin knockout mice (β2m KO). Young adult
(8–12 weeks old) C57BL/6J (WT) and β2m KO mice were submitted to a L4–L6 ventral roots crush.
Neuronal survival revealed a time-dependent motoneuron-like cell loss, both in WT and β2m KO mice.
Along with neuronal loss, astrogliosis increased in WT mice, which was not observed in β2m KO mice.
Microglial responses were more pronounced during the acute phase after lesion and decreased over
time, in WT and KO mice. At 7 days after lesion β2m KO mice showed stronger Iba-1+ cell reaction.
The synaptic inputs were reduced over time, but in β2m KO, the synaptic loss was more prominent
between 7 and 28 days after lesion. Taken together, the results herein demonstrate that ventral root
crushing in mice provides robust data regarding neuronal loss and glial reaction. The retrograde
reactions after injury were altered in the absence of functional MHC-I surface expression.
Keywords: astrogliosis; PNS/CNS interface; microglial reaction; synaptic covering; β2m knockout mice
1. Introduction
Compression of spinal roots is a common clinical incident, and the root axotomy is directly related
to the modification in neuronal function [1]. After trauma, there are axonal changes that indicate
dysfunction and degeneration happening both proximal and distal to the lesion [2].
Distal to the lesion, the process, called Wallerian degeneration, is characterized by the deterioration
of axon fragments [3]. Cell bodies of lesioned neurons undergo several morpho-functional changes
that, together, are called chromatolysis. They comprise cell body hypertrophy, nucleus displacement,
Nissl substance dissociation and expressive disturbance in the expression of structural molecules
related to synaptic transmission [4].
The axotomy-induced retrograde synaptic responses are known as “synaptic stripping”, i.e.,
the extensive detachment of presynaptic terminals from perikarya and dendrites of axotomized
motoneurons [5,6]. The plasticity of the nervous system ensures that structural and functional circuitry
remodeling occurs after injury, in particular, with the detachment of the excitatory boutons that were in
apposition with the lesioned neuron, which leads to a metabolic change and a shift from the synaptic
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transmission state to a recovery state [7–9]. In the acute phase after lesion, there is a significant
reduction of synaptic inputs, even temporally ceasing the synaptic transmission [10,11].
The axotomy rapidly activates astrocytes and microglia in the vicinity of the affected synaptic
terminals. After lesion, microglia and astrocytes quickly react through structural modifications of
their cytoplasmic projections that get interposed between the axotomized-motoneuron membrane
(post-synaptic membrane) and the retracting synaptic terminals [7,12–14]. Within a few days, axotomized
motoneurons are surrounded by activated microglial cells which remain closely in apposition to the
perikarya of injured neurons. The number of activated microglia in lesioned motor nuclei increases
dramatically due to the proliferation that lasts for about two to four days post-axotomy [6].
Neurons express molecules such as the major histocompatibility complex of class I (MHC-I),
a transmembrane complex [15] consisting of anα-chain associated with a light and obligatory extracellular
chain, named β2-microglobulin (β2m) [16]. Classical MHC-I genes are well known for their role in
the adaptive immune response and have their primary function related to binding peptides derived
from intracellular proteolysis. The peptides that are processed intracellularly are loaded to the MHC-I
molecules by the Transporter associated with Antigen Processing 1 (TAP-1) protein for delivery to the cell
surface; such peptides are recognized and identified by T-cytotoxic lymphocytes. Mice that are genetically
deficient for β2m or TAP-1, lack stable cell surface expression of most MHC-I molecules [17].
MHC-I mRNA is expressed by neurons and glial cells in the olfactory system, cerebral cortex,
striatum, hippocampus, and spinal cord, both during development and adulthood. MHC-I proteins are
expressed on the surface of axons and dendrites and are also located pre- and post-synaptically [16,18].
In the healthy brain, MHC-I expression is regulated by neuronal activity [15,19] and its upregulation is
related to critical periods where synaptic refinement occurs more substantially [15,20–22]. Therefore,
MHC-I expression is directly related to synaptic re-organization of the Central Nervous System (CNS).
In the spinal cord, MHC-I and β2m are upregulated after peripheral lesion [23]. Furthermore,
Oliveira, Thams, Lidman, Piehl, Hokfelt, Karre, Linda and Cullheim [9] observed more synaptic
stripping after axotomy in β2m knockout (β2m KO) and in TAP-1 knockout (TAP1 KO) mice. Enhanced
synapse detachment in β2m KO animals could be attributed to a preferential removal of inhibitory
terminals, while excitatory terminals were removed to a similar extent in KO and wildtype (WT)
mice; i.e., MHC-I molecules are important for a selective maintenance of inhibitory synaptic terminals
after lesion.
We suggest that MHC-I signaling is used by neurons and glia to interact both in normal and
pathological processes. MHC-I is expressed by astrocytes, microglia and at pre- and postsynaptic
terminals to selectively maintain inhibitory terminals and glial processes that are putatively involved
in the detachment of pre-synaptic buttons from the lesioned motoneuron cell body. Indeed, microglia
and astrocytes reactivity after peripheral lesion are influenced by MHC-I modulation, also affecting
the synaptic plasticity process and regenerative capacity [24,25]. However, the exact role of MHC-I in
neuron-glia signaling and spatiotemporal events that outline this process is still elusive.
2. Materials and Methods
2.1. Mice and Experimental Groups
For this study, we used female C57BL/6J wild-type (WT) and B6.129P2B2mtm1Unc/J (β2m KO)
mice. Mice homozygous for the β2m targeted mutation have little if any MHC-I protein expression on
the cell surface.
Six to eight-week-old female mice were bred in-house, at the Laboratory of Nervous Regeneration,
Institute of Biology, University of Campinas. Mice were kept in appropriate micro-isolators, under
a 12 h light-dark cycle, with controlled temperature and humidity, with water and food ad libitum.
Protocols concerning the animal use and handling were approved by the Institutional
Committee for Ethics in Animal Experimentation (Committee for Ethics in Animal Use—Institute
of Biology—CEUA/IB/UNICAMP, Protocol number 3336-1) and were performed in accordance with
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the guidelines of the Brazilian College for Animal Experimentation. All experiments concerning
animal experimentation.
2.2. Surgical Procedure for Ventral Root Crush (Figure 1)
Mice were anesthetized with xylazine (König, Argentina, 5 mg/kg) and ketamine (Fort Dodge,
USA, 100 mg/kg. Bepanthen (Bayer, Germany) was applied in the eyes to prevent dryness. Mice were
placed in a heated bed and the hair was removed from the back. In the absence of the toe-pinch
withdraw, an incision parallel to the vertebral column was made at the thoracic level. Paravertebral
muscles were removed to expose the lower thoracic and upper lumbar vertebrae. Laminectomy was
performed to expose the spinal cord. After that, an incision was made in the dura-mater allowing to
reach ventral roots correspondent to L4, L5 and L6 spinal segments that were crushed (3 times of 10 s)
with number 4 forceps. After muscle and skin were sutured and mice were kept under controlled
heating until completely recovered from anesthesia. A dose of Tramadol (Neoquimica, Brazil, 5 mg/Kg)
was administered by gavage after surgery and for the following 3 days.
To ensure that the lesion was successfully performed, in the following days after surgery,
mice were behaviorally analyzed to check the correspondent paw paralysis (Figure 2C,D). Moreover,
the morphology of fixed spinal cords was analyzed, to check the gross anatomical preservation of the
nervous tissue after lesion, as well as to detect trace elements of degeneration on the axotomized roots
(Figure 2A,B). Only mice fitting both criteria were used for further analysis. The success ratio of the
surgery was estimated at 80%.
Each strain had three time-points of analysis after surgery, days after injury (dpi), constituting the
following experimental groups: WT–7 dpi (n = 4), WT–14 dpi (n = 5), WT–28 dpi (n = 4), β2m KO–7
dpi (n = 4), β2m KO–14 dpi (n = 5), β2m KO–28 dpi (n = 4).
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Figure 1. Details of the surgical procedure for ventral root crush in mice showing the exposed spinal 
cord with intact dura-mater after laminectomy (A), the L4, L5 and L5 ventral roots (asterisk) isolated 
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Figure 1. Details of the surgical procedure for vent al root crush in mice showing the exposed spinal
cord with in act dura-mater after laminectomy (A), the L4, L5 and L5 vent al roots (asterisk) isolated
after dura-mater longitudinal incision (B) Crushed roots (C-arr s), ssi l to depict the
persistence of the connective tis ue at the injury site. Scale bar = 1 .
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Figure 2. (A) Micrograph of a lumbar spinal cord transverse section showing the unlesioned ventral
root morphology with intact axons (arrow). (B) Lesioned ventral root (arrowhead) with signs of ongoing
Wallerian degeneration. (C) Paw paralysis behavior following L4, L5 and L6 ventral root lesion. Observe
the adduction patt rn of the toes combi ed with muscle atrophy (dotted red circle). (D) Gait analysis by
the CatWalk system howing hind imb loss of function ipsilateral to the lesion (RH).
2.3. Perfusion
Mice were anesthetized with an overdose of xylazine and ketamine and submitted to thoracotomy
followed by transcardiac perfusion ith PBS (0,1M Sodium Phosphate Buffer, PB, with 0.9% NaCl; pH 7.38).
Afterwards, mice designated for the analysis of motoneuron survival and immunohistochemistry were
perfused with a fixative solution (4% Formaldehyde in 0.1 M PB). After fixation, lumbar intumescences
were dissected out and immersed in the same fixative solution overnight, at 4 ◦C, washed 3 times with
0.1 M PB, immersed in sucrose solutions (10%, 20% and 30%, 12 h each), finally soaked in Tissue-Tek,
frozen in n-Hexane at controlled temperature (−32 ◦C to −35 ◦C) and stored at −20 ◦C.
2.4. Immunohistochemistry
Frozen 12 µm–thick serial sections were obtained using a cryostat (Microm, HM525), transferred
to a gelatin-covered icroscop c lide and stored at −20 ◦C until use.
F r immunohistochemistry, microscopic slides were left at room temperature and the sections
were outlined by a hydrophobic pen. Slides were transferred to a humid and light-protected chamber.
Sections were immersed in 0.01 M PB (3 times, 5 min each), dried and incubated with 150 µL of
blocking solution (3% Fetal Bovine Serum in 0.1 M PB) for 45 min. Subsequently, the different primary
antibodies (Table 1) were diluted in incubation solution (1.5% Fetal Bovine Serum and 0.2% Tween in
0.1 M PB) and sections were incubated for 4 h or overnight.
After first incubation, slice sections were washed with 0.01 M PB and incubated with the respective
secondary antibodies (cy2 anti-rabbit, cy3 anti-mouse or cy3 anti-rat; Jackson Immunoresearch, 1:500) for
45 min. As a nuclear marker, DAPI (4’,6-diamidino-2-phenylindole, 1:1000 in 0.1 M) was used. Sections
were again washed with 0.01 M PB and mounted with coverslips using as medium glycerin/PB (3:1).
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Table 1. Detailed description of the primary antibodies used.
Antibody Host Company Code Dilution
Anti-Iba-1 Rabbit Wako 019-19741 1:750
Anti-GFAP Rabbit Abcam ab7260 1:1500
Anti-Synaptophysin Rabbit Novus Biologicals NBP2-25170 1:1000
Anti-MHC-I Rat BMA Biomedicals T2105 1:100
Anti-NeuN Mouse Millipore MAB377 1:500
Immunostainings were observed with an epifluorescence microscope (Leica DMB5500, Leica,
Wetzlar, Germany) and documented with a digital camera (Leica DFC 345 FX), using specific filters
according to the secondary antibodies or DAPI.
For quantification, three representative images from each animal of the respective experimental group
were selected. The integrated density of pixels, representing protein immunolabeling, was measured
in the lateral motor nucleus at anterior horn from the ipsi- and contralateral sides of the spinal cord,
according to Oliveira, Thams, Lidman, Piehl, Hokfelt, Karre, Linda and Cullheim [9], using Image J
software (1.51j8 version, National Institutes of Health, NIH, USA). As illustrated in Supplementary
Figure S1, for GFAP and IBA-1, the whole area of the picture was quantified; for anti-synaptophysin
immunolabeling, eight small areas around each motoneuron were measured (Supplementary Figure S2).
Integrated density of pixels was acquired for each animal and then the mean ± standard error of
each experimental group was calculated.
2.5. Putative Motoneuron Cell Survival
For motoneuron-like cells counting, tissue specimens were processed just as described for
immunohistochemistry, until sectioning and storage of the microscopic slides. Transversal sections
from the lumbar intumescence were stained in 0.5% Toluidine Blue (Synth, Diadema, Brazil) for 1 min,
rinsed in water, dehydrated, diaphanized and mounted with Entellan (Merck, Darmstadt, Germany)
and coverslip.
Following, putative motoneurons from the lateral motor nucleus of the anterior horn of the spinal
segments L4, L5 and L6 were counted in the ipsi- and contralateral sides every four slides from the
specimen. In order to correct double counting, Abercrombie’s formula was used [26]:
N = n × t/(t + d)
“N” is the corrected number of neurons, “n” is the number of counted cells, “t” is the section thickness
and “d” is the average diameter of the neurons. Once the neuron size difference affects the corrected
number of neurons, the “d” value was calculated for each experimental group (ipsi- and contralateral).
2.6. Statistical Analysis
The data are presented as the mean ± SEM and analyzed using one-way ANOVA followed by
Bonferroni post-hoc test, for multiple comparisons or two-tailed t-test; at p < 0.05 (*), p < 0.01 (**), and
p < 0.001 (***).
3. Results
3.1. Time-Course of Motoneuron Survival, Glial Reaction, and Synaptic Covering Following VRC in
C57BL/6J Mice
Neuronal survival rate was evaluated 7, 14 and 28 days after ventral root crush (VRC) by the
counting of large α-motoneurons-like cells present in the ipsilateral lamina IX and compared to the
contralateral side (ipsi/contralateral ratio). No statistical differences between the contralateral sides
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from C57BL/6J (WT) mice at the different time points were observed (mean ± standard error for
different experimental groups: 7 dpi, 6.65 ± 0.17; 14 dpi, 6.71 ± 0.44; 28 dpi 7.8 ± 0.24).
Seven days after VRC, C57BL/6J mice showed already 25% of neuron loss which increased to
38 and 47% 14 and 28 days later, respectively (Figure 3). Loss of motoneuron-like cells in the lateral
motor nucleus from the lumbar intumescence was statistically higher 14 and 28 days after VRC when
compared to 7 dpi (p < 0.0001, F 2,11 = 25.83, Bonferroni post-test).Cells 2019, 8, x 7 of 18 
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unlesioned, (B) 7 days after injury (dpi), (C) 14 dpi and (D) 28 dpi. (E) Schematic spinal cord transverse
section showing the laminae of Rexed distribution. Lamina IX is highlighted in red and represents the area
where cell counting, and immunohistochemistry analysis were performed. (F) Neuronal survival at the time
points after ventral root crush (ipsi/contralateral rat o); p < 0.01 (**), and p < 0.001 (***). Scale bar = 50 µm.
Description of calculated motoneuron survival means ± standard errors from C57BL/6J
experimental groups: 7 dpi = 0.64 ± 0.02; 14 dpi = 0.55 ± 0.02; 28 dpi = 0.49 ± 0.02.
To analyze astroglial changes in the lesioned neuronal microenvironment we used immunohistochemical
labeling of glial fibrillary acid protein (GFAP)—an astrocytic intermediary filament marker. In WT mice,
astrogliosis increased in a time-dependent manner, reaching five-fold upregulation by 28 days after injury
(Figure 4A,D,I,J). Comparing the time points, increased astrogliosis was statistically higher 28 dpi when
compared to 7 and 14 dpi (p = 0.0005, F2,10 = 18.17, Bonferroni post-test).
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Figure 4. Time-course of astrogliosis (A to D and I) and Iba-1+ cell reaction (E to H and L) in the
lumbar spinal cord contralateral side and 7, 14 and 28 dpi post ventral root injury in WT mice. Note that
astrogliosis increases over time. Contrarily, the Iba-1+ cell reaction is more intense in the acute phase
after injury. I and K illustrate the glial reaction in the ipsilateral side nearby axotomized motoneuron-like
cells, positive to NeuN (in red). (J and L) show the comparative quantification among time points post
injury (ipsi/contralateral ratio); p < 0.001 (***). Scale bar = 50 µm.
The calculated IL/CL integrated density of pixels ratio mean ± standard error from GFAP
immunoreactivity in C57BL/6J - WT experimental groups provided the following results: 7 dpi = 3.14 ± 0.1;
14 dpi = 3.25 ± 0.4; 28 dpi = 4.72 ± 0.2.
To analyze microglia and macrophages changes surrounding lesioned motoneurons, we used
immunolabelling of Iba-1 (Ionized calcium binding adaptor molecule–a microglia/macrophage
calcium-binding marker). It is important to point out that VRC is a lesion that results in the blood
brain barrier disruption and Iba-1 also labels macrophages. Thus, Iba-1 positive labelling nearby
motoneurons does not exclude macrophages derived from circulating monocytes.
In C57BL/6J mice, on the contrary to what was detected for astrogliosis, the Iba-1+ cells reaction
was more intense in the acute phase after lesion (7 days), becoming reduced by 26% at day 28
(Figure 4E,H,K,L). The reduction in the microglial reaction in the lateral motor nucleus of WT mice at 28
dpi was significantly different compared to 7 and 14 dpi (p = 0.0031, F2,10 = 10.84, Bonferroni post-test).
Calculating IL/CL integrated density of pixels ratio mean± standard error from Iba-1 immunoreactivity
in C57BL/6J experimental groups led to the following data: 7 dpi = 5.02 ± 0.2; 14 dpi = 4.68 ± 0.2;
28 dpi = 3.76 ± 0.2.
To analyze synaptic changes after VRC, we used an anti-synaptophysin antibody and assessed
pre-synaptic terminals in apposition to the axotomized neurons as described in Methods section.
Synaptic inputs were reduced by 27% adjacent to the putative axotomized motoneurons at day 7
after lesion, which was further reduced to 47% (p < 0.0001, F2,10 = 34.21, Bonferroni post-test), both 14-
and 28-days post-lesion (Figure 5).
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Figure 5. Synaptic covering in WT mice. (A) representative contralateral image, (B) 7 dpi, (C) 14 dpi and
(D) 28 dpi. (E) illustrates the synaptic inputs (in green) to ipsilateral motoneuron-like cells, labelled with
NeuN (in red). (F) Comparative quantification among time points (ipsi/contralateral ratio); p < 0.001
(***). Scale bar = 50 µm.
The calculated IL/CL integrated density of pixels ratio mean ± standard error from synaptophysin
immunoreactivity in C57BL/6J - WT experimental groups resulted in the following values: 7 dpi = 0.73 ± 0.05;
14 dpi = 0.52 ± 0.03; 28 dpi = 0.53 ± 0.05.
3.2. Enhanced Microglial Reaction and Synaptic Stripping in β2mKO Mice after VRC
After establishing the VRC lesion model in wildtype mice, we used β2m KO mice to test glial
responses and neuronal survival in a condition with impaired antigen presentation and altered neuron-glia
communication. First, we monitored motoneuron-like cells survival rate at 7, 14 and 28 days after
VRC. Seven days after VRC, the KO mice showed 36% of neuron loss which increased to 45 and 51%
fourteen and twenty-eight days after lesion, respectively (Figure 6). Statistically, the motoneuron-like
cells loss was significantly higher 28 days after VRC when compared to 7 dpi (p = 0.0003, F 2,10 = 20.66,
Bonferroni post-test).
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the laminae of Rexed distribution. Lamina IX is highlighted in red and represents the area where cell 
counting, and immunohistochemistry analysis were performed. (F) Neuronal survival at the time 
points after ventral root crush (ipsi/contralateral ratio); p < 0.01 (**), and p < 0.001 (***). Scale bar = 50 
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Figure 6. Time-course of motoneuron-like cell survival in the β2m knockout mice (A) contralateral -
unl sioned, (B) 7 dpi, (C) 14 dpi a d (D) 28 dpi. (E) Schematic spinal cord transverse section showing
the laminae of Rexed distribution. Lamina IX is highlighted in red and represents the area where cell
counting, and immunohistochemistry analysis were performed. (F) Neuronal survival at the time points
after ventral root crush (ipsi/contralateral ratio); p < 0.01 (**), and p < 0.001 (***). Scale bar = 50 µm.
When looking at the reactive astrogliosis in β2mKO mice, we observed that GFAP was upregulated
in the IL side of about 2-fold related to the CL (Figure 7A,D,I,J), but no changes among the time points
were detected (p = 0.511, F 2,11 = 0.7138, Bonferroni post-test).
By calculating the IL/CL integrated density of pixels ratio mean ± standard error from GFAP
immunoreactivity inβ2m KO groups the following data was obtained: 7 dpi = 2.17±0.2; 14 dpi = 2.5 ± 0.2;
28 dpi = 2.16 ± 0.2.
The Iba-1+ cells reaction in β2mKO mice showed a strong transient upregulation. The Iba-1
immunolabel reached a seven-fold increase at 7 days after VRC, which was then reduced to four-fold
upregulation day 28 (Figure 7E,H,K,L). When statistically compared to other time points, the increased
reaction in the lateral motor nucleus from the lumbar intumescence was statistically higher 7 days after
VRC when compared to 7 and 14 dpi (p < 0.0001, F 2,10 = 106.1, Bonferroni post-test).
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Figure 7. Time-course of astrogliosis (A to D and I) and Iba-1+ cell reaction (E to H and L) in the
lumbar spinal cord contralateral side and 7, 14 and 28 dpi post ventral root injury in β2m knockout
mice is kept constant over time and microglial reaction is more intense in the acute phase after injury.
I and K illustrate the glial reaction in the ipsilateral side nearby axotomized motoneuron-like cells,
positive to NeuN (in red). (J and L) show the comparative quantification among time points post injury
(ipsi/contralateral ratio); p < 0.05 (*) and p < 0.001 (***). Scale bar = 50 µm.
Description of the calculated IL/CL integrated density of pixels ratio mean± standard error from Iba-1
immunoreactivity in 7dpi in β2m KO groups: 7 dpi = 7.53 ± 0.2; 14 dpi = 3.40 ± 0.2; 28 dpi = 4.16 ± 0.2.
In β2m KO mice, the analysis of the anti-synaptophysin immunolabeling around lesioned
motoneuron-like cells showed that the synaptic coverage was reduced by 48% at day 7 after lesion,
reaching 56% reduction at day 28 (Figure 8). When statistically compared, the synaptic coverage was
29% lower 28 days after VRC when compared to 7 dpi (p = 0.0013, F 2,10 = 13.87, Bonferroni post-test).
IL/CL integrated density of pixels ratio means ± standard errors from synaptophysin
immunoreactivity β2m KO groups led to the following data: 7 dpi = 0.62 ± 0.05; 14 dpi = 0.47 ± 0.03;
28 dpi = 0.44 ± 0.05.
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Figure 8. Synaptic covering in β2m knockout mice. (A) representative contralateral image, (B) 7 dpi,
(C) 14 dpi and (D) 28 dpi. (E) illustrates the synaptic inputs (in green) to ipsilateral motoneuron-like
cells, labelled with NeuN (in red). (F) Comparative quantification among time points (ipsi/contralateral
ratio); p < 0.01 (**). Scale bar = 50 µm.
3.3. Comparison between C57BL/6J and B2m KO Responses to Injury
A qualitative MHC-I immunolabeling was performed 7 days post lesion in both C57BL/6J and
β2m KO mice (Figure 9) to show that there is a low basal labelling in WT contralateral side and
an upregulation in MHC-I labeling after lesion. In β2m KO mice the labelling is almost absent and the
upregulation after lesion cannot be depicted.
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Figure 9. Major histocompatibility complex of class I (MHC-I) expression in C57BL/6J (A,C) and
β2mKO mice (B,D) 7 days after VRC. Note that contralateral labeling is almost absent in C57BL/6J
showing upregulation after injury. β2mKO mice showed weak staining both in the contra and ipsilateral
sides. Scale bar = 25 µm.
Concerning putative motoneuron survival, when comparing the results from C57BL/6J and
β2mKO mice (Figure 10), for each time point, the motoneuron loss at day 7 post-injury was sharply
higher in β2m KO compared to the WT (p = 0.0094, R2 = 0.6425, t-test), pointing out that there is
an increased neuronal susceptibility in this phase in the absence of MHC-I.
Unlesioned spinal cords of C57BL/6J and β2mKO mice were labeled with GFAP and Iba-1
antibodies and no differences between the strains could be depicted (Supplementary Figure S3).
The reactive astrogliosis (Figure 10) was significantly higher (p < 0.0001, R2 = 0.95, t-test) in
β2mWT mice 7 and 28 dpi, when compared to β2m KO. On the other hand, reaction of Iba-1+ cells at
7 dpi was higher in β2m KO compared to C57BL/6J (p < 0.0001, R2 = 0.9395, t-test) and, at 14 dpi this
reaction was 27% reduced in the β2m KO when compared to the WT (p = 0.0015, R2 = 0.7824, t-test)
pointing out that following the exacerbate Iba-1+ cells reaction in the β2mKO at day 7 post-injury,
there was an intense reduction by the 14th day in the absence of MHC I, when compared to WT.
The comparative analysis from WT and β2m KO synaptic covering after VRC showed that
the synaptic loss was 16% higher in β2m KO mice 7 and 28 dpi when compared to WT (p < 0.007,
R2 = 0.783, t-test).
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4. Discussion 
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In the first week after lesion, 25% of putative motoneuron loss was already detected, increasing 
to 38% in the second week and reaching 47% in the fourth week after VRC, showing similarities with 
data already published regarding VRC in rats, which presented motoneuron loss up to 51%, 28 days 
after lesion [27]. 
As expected, astrogliosis increased in the ipsilateral side after lesion to the CNS/PNS interface 
[28,29], reaching in the mouse 3-fold upregulation between 7 to 14 days, increasing in a time-
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Figure 10. Comparative time course analysis of motoneuron-like cell survival (A), astrogliosis (B),
Iba-1+ cell reaction (C) and synaptic covering (D) in WT and β2m KO mice. Note that the progressive
loss of motoneuron-like cells is equivalent in both strains, despite astrogliosis in β2m KO that did not
show increasing over time. On the other hand, the Iba-1+ cells reaction was more intense in β2m KO
mice in the acute phase after VRC, which was coincident to a more pronounced synaptic detachment in
the same strain, a difference that was detected also 28 dpi. Graphs show the comparative quantification
among time points (ipsi/contralateral ratios); Significance levels: * p < 0.5, ** p < 0.01, *** p < 0.001.
4. Discussion
We show the time course of neuronal degeneration, synapse retraction, and glial reaction after
ventral root crushing in C57BL/6J - WT mice and compared to β2mKO mice.
In the first week after lesion, 25% of putative motoneuron loss was already detected, increasing to
38% in the second week and reaching 47% in the fourth week after VRC, showing similarities with
data already published regarding VRC in rats, which presented motoneuron loss up to 51%, 28 days
after lesion [27].
As expected, astrogliosis increased in the ipsilateral side after lesion to the CNS/PNS interface [28,29],
reaching in the mouse 3-fold upregulation between 7 to 14 days, increasing in a time-depende t manner
and reaching 5-fold upregulation by 28 ays after injury. On the other han , the Iba-1+ cells reaction was
also induc d by VRC, being more intense in the acute phase after lesion (7 days) and becoming reduced
by 26% at day 28.
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Concerning the synaptic coverage, synaptic inputs were reduced by 27% nearby axotomized
motoneurons at day seven after lesion, and such coverage was reduced to 47% until 28 days post-injury.
These data corroborate with previous results from our group [27–29] Thus, the results described so far
demonstrate that ventral root crushing in mice provides robust data regarding neuronal loss and glial
reaction. This allows studies with transgenic strains and/or therapeutic approaches that may, in turn,
unveil strategies to improve motor recovery after proximal lesions.
In this context, we performed the same time course analysis in β2m KO mice. It is already known
that MHC-I influences the interaction between pre- and post-synaptic neurons as well as between
neurons and glial cells. Also, this molecule is upregulated both in the CNS and PNS as a response
to axotomy [23,24,30]. The lack of MHC-I showed decreased motoneuron axonal regeneration after
peripheral lesion [9]. On the other hand, the enhanced neuronal MHC-I expression has a beneficial
effect following spinal cord injury, leading to the significantly better recovery of locomotor abilities [31].
Following VRC, the absence of MHC-I plays an important role, especially acutely post-injury
(7 dpi). In this case, in β2mKO mice, the motoneuron-like cell loss was 33% higher at this time point,
astrogliosis was decreased and the Iba-1+ cells reaction was more intense when compared to WT mice.
Bombeiro, et al. [32] showed in vitro a reduction in GFAP-labelling and hypertrophic astrocytes following
β2m knock down by using siRNA (small interfering RNA). In a co-culture system, the reduced expression of
GFAP in knocked down astrocytes was related to maintenance of synaptophysin immunostaining in neurons.
Similarly, seven days after VRC, we observed 31% less GFAP immunoreactivity in the lateral motor nucleus
at lamina IX from β2m KO mice when compared to WT. This reduced reactive astrogliosis was even more
accentuated 28 days post-injury, 54% lower in β2m KO when compared to C57BL/6J-WT.
It is important to point out that astrocytes play an essential role in neurotransmitter reuptake from
the synaptic space and this feature is especially important under deleterious stimuli, such as a lesion.
The loss of synaptic inputs from the lesioned motoneuron cell body occurs preferentially to excitatory
inputs, subjecting the cells mostly to an inhibitory influence during repair [33]. In the lack of MHC-I,
the selective maintenance of inhibitory synaptic terminals after axotomy is altered and a larger number
of inhibitory terminals are removed [9].
Chen, et al. [34] pointed out that, in the adult brain, microglia-mediated synaptic stripping of
pre-synaptic terminals is neuroprotective and the activated microglia in close apposition to neurons
displaced GABAergic synapses. Chen, Jalabi, Hu, Park, Gale, Kidd, Bernatowicz, Gossman, Chen, Dutta
and Trapp [34] reported that, in the adult brain, microglia-mediated synaptic stripping of pre-synaptic
terminals is neuroprotective and the activated microglia in close apposition to neurons displaced
GABAergic synapses. In this scenario, we propose that the higher number of inhibitory terminals
retracting in β2m KO mice after lesion [9] could be due to physical displacement by microglial processes.
Indeed, seven days after VRC, the Iba-1+ cells reactivity detected by anti-Iba-1 immunostaining showed
that β2m KO had 33% more reactive cells when compared to WT. Even though Iba-1 positive cells in
this scenario include microglia and macrophages derived from circulating monocytes, it is plausible
to assume that the microglial reaction is also enhanced in this situation. Thus, we hypothesize that
the higher synaptic loss in β2m knockout mice, is due to the enhanced microglial activation, which is
actively involved in the detaching of synaptic inputs.
Liddelow, et al. [35] showed that astrocytes with a harmful profile (defined by the authors as
A1 astrocytes) are induced by factors secreted by activated microglia (namely: IL-1α, TNF and C1q).
A1 astrocytes lose their normal astrocytic function, such as synaptic maintenance, and can also be
induced by axotomy and neurodegenerative diseases. In a model of optic nerve crush, a fast generation
of A1 astrocytes in parallel to the death of retinal ganglion cells was detected. Testing the deleterious
effects of A1-like astrocytes on several sorts of neuronal types, it was detected that 20% of spinal
motoneurons remained viable after submitted to A1-like astrocytes conditioned medium, while other
cells, like retinal ganglion cells, did not survive at all. Moreover, γ-motoneurons were not susceptible
to A1 astrocyte toxicity [35].
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Reactive astrogliosis or microglial reaction to injury or neurodegenerative process did not occur
in isolation but as part of a multicellular response [36]. So, in response to injury, a glial response
occurs, constituting both micro- and astrogliosis and leading to a local innate inflammatory reaction
in the vicinity of the axotomized nerve cells. In a model of ventral root avulsion, for example, after
approximately 1 week there is a phase of microglia activation paralleled by up-regulation of astrogliosis
and lymphocyte infiltration, coinciding with the beginning of the death of axotomized cells, that are
about 50% gone by the third week [37]. As, after a traumatic lesion, the microenvironment changes
dictate the destiny of axotomized motoneurons and the maintenance of synaptic connectivity through
glial reaction, the lack of a functional MHC-I can modulate the inflammation accentuating glial reaction
towards a harmful way causing ultimately a more pronounced synaptic detachment in the lesion as
described here.
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Author Contributions: L.P.C. conceived and performed experiments, analyzed data, and wrote the manuscript;
M.P. performed experiments and analyzed data; A.L.R.d.O. and F.K. conceived experiments and wrote
the manuscript.
Funding: This work was supported by grants from São Paulo Research Foundation (FAPESP, 2013/16134-6;
2014/06892-3), National Council for Scientific and Technological Development (CNPq; 303085/2017-7), Coordination
for the Improvement of Higher Education Personnel (CAPES) and Deutsche Forschungsgemeinschaft SPP 1757
and FOR 2289.
Acknowledgments: The authors are grateful to Ricardo Gazzineli and Ana Carolina Teixeira from FIOCRUZ/MG
for donating β2m KO mice.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Rothman, S.M.; Winkelstein, B.A. Chemical and mechanical nerve root insults induce differential behavioral
sensitivity and glial activation that are enhanced in combination. Brain Res. 2007, 1181, 30–43. [CrossRef]
2. Kobayashi, S.; Yoshizawa, H.; Yamada, S. Pathology of lumbar nerve root compression. Part 2: morphological
and immunohistochemical changes of dorsal root ganglion. J. Orthop. Res. 2004, 22, 180–188. [CrossRef]
3. Gaudet, A.D.; Popovich, P.G.; Ramer, M.S. Wallerian degeneration: Gaining perspective on inflammatory
events after peripheral nerve injury. J. Neuroinflammation 2011, 8, 110. [CrossRef]
4. Zochodne, D.W. The challenges and beauty of peripheral nerve regrowth. J. Peripher. Nerv. Syst. 2012, 17,
1–18. [CrossRef]
5. Blinzinger, K.; Kreutzberg, G. Displacement of synaptic terminals from regenerating motoneurons by
microglial cells. Z. Zellforsch. Mikrosk. Anat. 1968, 85, 145–157. [CrossRef]
6. Cullheim, S.; Thams, S. The microglial networks of the brain and their role in neuronal network plasticity
after lesion. Brain Res. Rev. 2007, 55, 89–96. [CrossRef] [PubMed]
7. Aldskogius, H.; Liu, L.; Svensson, M. Glial responses to synaptic damage and plasticity. J. Neurosci. Res.
1999, 58, 33–41. [CrossRef]
8. Linda, H.; Shupliakov, O.; Ornung, G.; Ottersen, O.P.; Storm-Mathisen, J.; Risling, M.; Cullheim, S.
Ultrastructural evidence for a preferential elimination of glutamate-immunoreactive synaptic terminals from
spinal motoneurons after intramedullary axotomy. J. Comp. Neurol 2000, 425, 10–23. [CrossRef]
9. Oliveira, A.L.; Thams, S.; Lidman, O.; Piehl, F.; Hokfelt, T.; Karre, K.; Linda, H.; Cullheim, S. A role for MHC
class I molecules in synaptic plasticity and regeneration of neurons after axotomy. Proc. Natl. Acad. Sci. USA
2004, 101, 17843–17848. [CrossRef]
10. Delgado-Garcia, J.M.; Del Pozo, F.; Spencer, R.F.; Baker, R. Behavior of neurons in the abducens nucleus of
the alert cat–III. Axotomized motoneurons. Neuroscience 1988, 24, 143–160. [CrossRef]
11. Takata, M.; Nagahama, T. Synaptic efficacy of inhibitory synapses in hypoglossal motoneurons after
transection of the hypoglossal nerves. Neuroscience 1983, 10, 23–29. [CrossRef]
12. Novikov, L.; Novikova, L.; Kellerth, J.O. Brain-derived neurotrophic factor promotes axonal regeneration
and long-term survival of adult rat spinal motoneurons in vivo. Neuroscience 1997, 79, 765–774. [CrossRef]
Cells 2019, 8, 483 16 of 17
13. Oliveira, A.L.; Langone, F. GM-1 ganglioside treatment reduces motoneuron death after ventral root avulsion
in adult rats. Neurosci. Lett. 2000, 293, 131–134. [CrossRef]
14. Svensson, M.; Eriksson, P.; Persson, J.K.; Molander, C.; Arvidsson, J.; Aldskogius, H. The response of central
glia to peripheral nerve injury. Brain Res. Bull. 1993, 30, 499–506. [CrossRef]
15. Boulanger, L.M.; Huh, G.S.; Shatz, C.J. Neuronal plasticity and cellular immunity: shared molecular
mechanisms. Curr. Opin. Neurobiol. 2001, 11, 568–578. [CrossRef]
16. Elmer, B.M.; McAllister, A.K. Major histocompatibility complex class I proteins in brain development and
plasticity. Trends Neurosci. 2012, 35, 660–670. [CrossRef]
17. Boulanger, L.M.; Shatz, C.J. Immune signalling in neural development, synaptic plasticity and disease.
Nat. Rev. Neurosci. 2004, 5, 521–531. [CrossRef]
18. Ohtsuka, M.; Inoko, H.; Kulski, J.K.; Yoshimura, S. Major histocompatibility complex (Mhc) class Ib gene
duplications, organization and expression patterns in mouse strain C57BL/6. BMC Genom. 2008, 9, 178.
[CrossRef]
19. Corriveau, R.A.; Huh, G.S.; Shatz, C.J. Regulation of class I MHC gene expression in the developing and
mature CNS by neural activity. Neuron 1998, 21, 505–520. [CrossRef]
20. Fourgeaud, L.; Boulanger, L.M. Role of immune molecules in the establishment and plasticity of glutamatergic
synapses. Eur J. Neurosci. 2010, 32, 207–217. [CrossRef]
21. Huh, G.S.; Boulanger, L.M.; Du, H.; Riquelme, P.A.; Brotz, T.M.; Shatz, C.J. Functional requirement for class I
MHC in CNS development and plasticity. Science 2000, 290, 2155–2159. [CrossRef]
22. Needleman, L.A.; Liu, X.B.; El-Sabeawy, F.; Jones, E.G.; McAllister, A.K. MHC class I molecules are present
both pre- and postsynaptically in the visual cortex during postnatal development and in adulthood. Proc. Natl.
Acad. Sci. USA 2010, 107, 16999–17004. [CrossRef]
23. Linda, H.; Hammarberg, H.; Cullheim, S.; Levinovitz, A.; Khademi, M.; Olsson, T. Expression of MHC class I
and beta2-microglobulin in rat spinal motoneurons: Regulatory influences by IFN-gamma and axotomy.
Exp. Neurol. 1998, 150, 282–295. [CrossRef]
24. Zanon, R.G.; Cartarozzi, L.P.; Victorio, S.C.; Moraes, J.C.; Morari, J.; Velloso, L.A.; Oliveira, A.L. Interferon
(IFN) beta treatment induces major histocompatibility complex (MHC) class I expression in the spinal cord
and enhances axonal growth and motor function recovery following sciatic nerve crush in mice. Neuropathol.
Appl. Neurobiol. 2010, 36, 515–534. [CrossRef]
25. Zanon, R.G.; Oliveira, A.L. MHC I upregulation influences astroglial reaction and synaptic plasticity in the
spinal cord after sciatic nerve transection. Exp. Neurol. 2006, 200, 521–531. [CrossRef]
26. Abercrombie, M.; Johnson, M.L. Quantitative histology of Wallerian degeneration: I. Nuclear population in
rabbit sciatic nerve. J. Anat. 1946, 80, 37–50.
27. Spejo, A.B.; Carvalho, J.L.; Goes, A.M.; Oliveira, A.L. Neuroprotective effects of mesenchymal stem cells on
spinal motoneurons following ventral root axotomy: Synapse stability and axonal regeneration. Neuroscience
2013, 250, 715–732. [CrossRef]
28. Rodrigues Hell, R.C.; Silva Costa, M.M.; Goes, A.M.; Oliveira, A.L. Local injection of BDNF producing
mesenchymal stem cells increases neuronal survival and synaptic stability following ventral root avulsion.
Neurobiol. Dis. 2009, 33, 290–300. [CrossRef]
29. Scorisa, J.M.; Zanon, R.G.; Freria, C.M.; de Oliveira, A.L. Glatiramer acetate positively influences spinal
motoneuron survival and synaptic plasticity after ventral root avulsion. Neurosci. Lett. 2009, 451, 34–39.
[CrossRef]
30. Bombeiro, A.L.; Thome, R.; Oliveira Nunes, S.L.; Monteiro Moreira, B.; Verinaud, L.; Oliveira, A.L. MHC-I and
PirB Upregulation in the Central and Peripheral Nervous System following Sciatic Nerve Injury. PLoS ONE
2016, 11, e0161463. [CrossRef]
31. Joseph, M.S.; Bilousova, T.; Zdunowski, S.; Wu, Z.P.; Middleton, B.; Boudzinskaia, M.; Wong, B.; Ali, N.;
Zhong, H.; Yong, J.; et al. Transgenic mice with enhanced neuronal major histocompatibility complex class
I expression recover locomotor function better after spinal cord injury. J. Neurosci. Res. 2011, 89, 365–372.
[CrossRef]
32. Bombeiro, A.L.; Hell, R.C.; Simoes, G.F.; Castro, M.V.; Oliveira, A.L. Importance of major histocompatibility
complex of class I (MHC-I) expression for astroglial reactivity and stability of neural circuits in vitro.
Neurosci. Lett. 2017, 647, 97–103. [CrossRef]
33. Carlstedt, T. Nerve root replantation. Neurosurg. Clin. N Am. 2009, 20, 39–50. [CrossRef]
Cells 2019, 8, 483 17 of 17
34. Chen, Z.; Jalabi, W.; Hu, W.; Park, H.J.; Gale, J.T.; Kidd, G.J.; Bernatowicz, R.; Gossman, Z.C.; Chen, J.T.;
Dutta, R.; et al. Microglial displacement of inhibitory synapses provides neuroprotection in the adult brain.
Nat. Commun. 2014, 5, 4486. [CrossRef]
35. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.;
Munch, A.E.; Chung, W.S.; Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated
microglia. Nature 2017, 541, 481–487. [CrossRef]
36. Sofroniew, M.V. Astrogliosis. Cold Spring Harb. Perspect Biol. 2014, 7, a020420. [CrossRef]
37. Olsson, T.; Piehl, F.; Swanberg, M.; Lidman, O. Genetic dissection of neurodegeneration and CNS inflammation.
J. Neurol. Sci. 2005, 233, 99–108. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
